The goal of this study was to develop a fermentation process for the production of β-glucosidase, an important enzyme in the hydrolysis of lignocellulose and has many applications in food and flavor industries, using low-cost agricultural residues as substrates. Based on statistical experimental design, high-titer production of β-glucosidase on wheat bran and glycerol by Aspergillus niger in a submerged culture was achieved. A 2-level Plackett-Burman design was first used to screen the bioprocess parameters affecting β-glucosidase production. Among the tested parameters, the concentrations of wheat bran, glycerol, corn steep liquor and KCl showed significant effects on β-glucosidase production. These four medium components were further optimized using a 3-level Box-Behnken design, and their optimal levels were found to be: wheat bran, 3.5 g/L; glycerol, 5 g/L; KCl, 0.1 g/L and corn steep liquor, 7.5 g/L, giving a high β-glucosidase titer of 9.37 IU/ml, 1.6-fold of the maximum level obtained in the screening experiment. With the optimized medium, 5.41 IU/ml of β-glucosidase was produced in a stirred-tank bioreactor inoculated with a spore suspension. When the reactor was inoculated with precultured cell pellets and operated at optimized agitation (450 rpm) and aeration rates (2 vvm), β-glucosidase production increased to 9.33 IU/ml, which was comparable to the level obtained in shake-flasks. This study demonstrated a scalable fermentation process for the production of β-glucosidase on low-cost wheat bran and glycerol, which should have important industrial applications.
INTRODUCTION
Enzymatic hydrolysis of lignocellulosic biomass to sugars for fermentation is considered the most important route for the generation of transportation fuels such as ethanol, which can be blended with petroleum to reduce the dependency of fossil fuels. Cellulose being cheap and easily available can replace food crops for ethanol production. However, cellulosic ethanol at present is costly owing to the lack of efficient biocatalyst for cellulose hydrolysis and saccharification [1] . The enzymatic hydrolysis of cellulosic materials into glucose involves the synergistic actions of at least three di erent enzymes: endoglucanase or endo-β-1,4-glucanase, exoglucanase or exocellobiohydrolase, and β-1,4-glucosidase or cellobiase [2] . Endo-β-1,4-glucanase catalyzes the hydrolysis of cellulose by randomly splitting the sugar residues within the molecule, whereas exo-β-1,4-glucanase removes monomers and dimmers from the end of the glucan chain. The β-glucosidase hydrolyzes glucose dimers and in some cases, cellulose oligosaccharides to glucose. Since cellobiose inhibits the action of endo-and Aspergillus, are known for their ability to produce large amounts of enzymes including β-glucosidase. The goal of this study was to develop a fermentation process for the production of β-glucosidase from low-cost agricultural residues such as wheat bran and glycerol. In this study, we focused on the screening of potential fungi capable of producing β-glucosidase and optimizing the enzyme production in a low-cost minimally controlled batch fermentation process. The medium composition was optimized in shake-flasks using the response surface methodology, achieving high-titer β-glucosidase production by Aspergillus niger grown on wheat bran and glycerol. The fermentation process was further optimized and scaled up to industrially relevant stirred-tank bioreactors. This study demonstrated a scalable fermentation process for the production of β-glucosidase on low-cost wheat bran and glycerol, which should have important industrial applications.
MATERIALS AND METHODS

Cultures and Media
Aspergillus niger NRRL 3122, Aspergillus oryzae NRRL 2217, Rhizopus oryzae NRRL 3562, Rhizopus oryzae NRRL 3563 and Pacilomyces variotii NRRL 1115 used in this study were obtained from Agricultural Research Service (ARS) Culture Collection (Peoria, Illinois USA). Corn Steep liquor (CSL, 50% dry matters, composition (wt%): crude protein and amino acids 25−45, lactic acid 10−25, reducing sugars (as dextrose) 2.5, and ash (oxide) 17) was obtained from Cargill (Eddyville, IA). Wheat bran containing (w/w) ~50% fiber (cellulose and hemicellulose), ~15% starch, ~16% protein, vitamins and minerals obtained from supermarket was used un-altered. Glycerol (analytical grade) was purchased from Acros-Organics (Fisher Chemical, USA).
These cultures were maintained on potato-dextrose-agar (PDA) slants at 4°C and sub-cultured every 4 weeks. Spore suspension of the different strains were prepared by scraping spores from 7 days PDA slants incubated at 30°C with 10 ml of distilled water, giving a final concentration of approximately 2×10 7 spores/ml. Unless otherwise noted, the medium (M1) used in the initial culture screening for β-glucosidase production in shake-flasks composed of (g/L): cellobiose, 10; corn steep liquor, 20; NaNO 3 , 3; K 2 HPO 4 , 1; KCl, 0.5; MgSO 4 ·7H 2 O, 0.5; FeSO 4 ·7H 2 O, 0.01.
For fermentation kinetics studies in stirred-tank bioreactor, the seeding cell pellets were prepared by inoculating concentrated spore suspension (4×10 8 per ml) in the preculture medium containing 10 g/L glucose, 7.5 g/L corn steep liquor, 1 g/L NaNO 3 , 0.3 g/L K 2 HPO 4 , 0.1 g/L KCl, MgSO 4 ·7H 2 O, and 0.01 g/L FeSO 4 ·7H 2 O in a shakeflask incubated at 30°C on a rotatory shaker at 200 rpm for 48 h. The fermentation medium was the same as the preculture medium except that wheat bran (3.5 g/L) and glycerol (5 g/L), instead of glucose, were used as carbon source. Unless otherwise noted, all media were adjusted to pH 5.6 with 1 N NaOH, and sterilized by autoclaving at 121°C, 15 psig for 15−30 min, depending on the medium volume.
Culture Screening for Enzyme Production in ShakeFlasks
Each 250-ml flask containing 50 ml of M1 medium was inoculated with 0.25 ml of spore suspension (2×10 7 spores/ml) and incubated at 30°C with agitation at 200 rpm for 14 days. Broth samples were taken on the 4th, 6th, 8th, 11th, and 14th days, and assayed for their β-glucosidase activities after removing the mycelia by centrifugation.
Multifactorial Experiments for Optimizing β-Glucosidase Production
The Plackett-Burman Design. The Plackett-Burman experimental design was used to reflect the relative importance of various factors on the enzyme production. The Plackett-Burman design is based on the following first-order model:
where Y is the response (β-glucosidase production level), β o is the model intercept, β i is the linear coefficient associated with X i , the level of the independent variable. This model does not describe the interaction among the factors, but it can be used to screen and evaluate the important factors affecting the response. For screening purpose, various medium components and culture conditions were evaluated. Based on a Plackett-Burman factorial design, each factor was examined at 2 levels: -1 for the low level, and +1 for the high level. This design is especially practical in the case of a large number of factors and when it is unclear which settings are likely to be nearer to the optimum responses. In the present work, nine assigned independent variables (pH, concentrations of glycerol, bran, corn steep liquor, NaNO 3 , KCl, MgSO 4 ·7H 2 O, FeSO 4 ·7H 2 O, K 2 HPO 4 ) were screened in 12 experimental trials. Table 1 illustrates the factors examined, as well as the levels of each factor used in the experimental design. Table 2 represents the design matrix. All experiments were carried out for 8 days in duplicate and the average of the β-glucosidase production level was taken as the response (dependant variable). The main effect of each variable was calculated as the difference between the average of measurements made at the high value (+) and low value (−). Table 1 . Plackett-Burman experimental design used for β-glucosidase production optimization.
Box-Behnken Design
The variables with significant effects on enzyme production, as identified by the Plackett-Burman design were further optimized using a response surface Box-Behnken design [18] . The design composed of 27 experiments, where each variable was tested at three levels and in multiple combinations with the other parameters (see Table 3 ). The whole set of experiments was performed in duplicate and mean response was used for analyses. The data was then fitted to a second-order polynomial equation using the Design-Expert software. The optimal value for β-glucosidase production was then estimated using SAS JMP 8 NULL program.
Batch Fermentation in Stirred-Tank Bioreactors
Batch fermentation kinetics was studied in 5-L stirredtank reactors (STR) each containing 3 L of the fermentation medium. After autoclaving at 121°C for 30 min, the bioreactor was inoculated with 20 ml of spore suspension (2×10 7 /ml) or 300 ml of a preculture (cell pellets) and then operated at 30°C with aeration at 1 vvm and agitation at 450 rpm for 8−10 days, unless otherwise noted. The medium pH during fermentation was not controlled. During the fermentation, silicone antifoam 204 (Sigma-Aldrich, St. Louis, MO) was added as necessary to control the foaming. The effects of agitation and aeration on the fermentation were studied at 300, 450, and 600 rpm and 0.5, 1, and 2 vvm, respectively. Broth samples were taken every 24 h, centrifuged at 13000 rpm for 10 min, and stored at -20°C for further analysis.
Analytical Methods
The activity of β-glucosidase was assayed according to the method described by Zaldivear et al., 2001 [19] . Briefly, 0.5 ml of the substrate (0.4% cellobiose in 0.05 M citrate phosphate buffer, pH 4.8) was added to 0.5 ml of appropriately diluted enzyme solution (fermentation broth filtrate) and incubated at 50°C for 30 min. The reaction mixture was placed in boiling water for 5 min to stop the reaction and then immediately cooled in an ice bath. The glucose concentration in the mixture was determined by using a glucose analyzer (YSI Biochemical Analyzer) or high performance liquid chromatograph (HPLC) with an Aminex HPX-87H column (300 mm × 7.8 mm) at 45°C and 0.005 M H 2 SO 4 as the mobile phase at 0.6 ml/min [20] . A positive control using β-glucosidase (4 U/mg, Sigma) was also performed. One unit of β-glucosidase activity is defined as the amount of enzyme producing 1 µmol glucose per min from cellobiose. The total protein concentration was assayed using the commercial protein assay kit (BioRad Laboratories, USA) with bovine serum albumin as the standard. The total reducing sugar concentration was determined by the DNS method as described by Miller, 1995 [21] . All assays were performed in triplicate. Table 4 shows the screening results of the five fungal strains for the cell biomass, total protein, and β-glucosidase production at different times in shake-flask fermentations. It is clear that A. niger NRRL 3122 on the 8th day gave the highest β-glucosidase activity (3.84 U/ml), followed by A. oryzae (1.58 U/ml), P. varioti (0.92U/ml), R. oryzae NRRL 3562 (0.177 U/ml) and R. oryzae NRRL 3563 (0.08 U/ml). The results are in good agreement with previous studies by Sternberg et al. (1977) , who found that black Aspergilli were generally superior in terms of β-glucosidase production [22] , and Soloveyva et al. (1997) , who reported that the most promising fungi with respect to cellobiase activity were Aspergillus species [23] .
RESULTS
Screening for β β-Glucosidase Producing Strains
Effect of Carbon Source on β-Glucosidase Production by
A. niger β-Glucosidase production by A. niger grown on different carbon sources (10 g/L) was studied and the results are compared in Fig. (1) . It can be seen in Fig. (1) that the Table 2 . Plackett-Burman design of 9 factors and their effects on β-glucosidase production. highest β-glucosidase production was obtained with wheat bran (4.18 IU/ml) followed by glycerol (3.72 IU/ml) and cellobiose (3.69 IU/ml) as carbon source. The higher activity produced with wheat bran might be attributed to the fact that wheat bran is a crude substrate containing proteins, cellulose, starch and minerals that apparently can enhance growth and enzyme production [24] . High β-glucosidase production could also be due to the dual role of wheat bran as a nutrient source and a support matrix for fungal adherence [24] . In the shake-flask cultures, A. niger mycelia had grown as spherical pellets with various sizes depending on the carbon sources.
Wheat bran was present as insoluble particulates in the medium and could increase mixing turbulence, resulting in better aeration as well as breakage of larger pellets. Smaller pellets improved mass transfer, cell growth, and enzyme production due to increased surface area [24] . The lowest β-glucosidase activity (2.4 IU/ml) was obtained with cellulose as the carbon source. This might be due to poor cell growth, perhaps because of a lack of adequate endo-and exoglucanases to break down cellulose to soluble sugars. Compared to cellobiose, β-glucosidase production from glucose (3.60 IU/ml) and sucrose (3.62 IU/ml) was only slightly lower, indicating that the enzyme is constitutive in A. niger [17] . The somewhat lower enzyme production from glucose could be attributed to glucose being a catabolite repressor and inhibitor to cellulases [25] .
Multifactorial Designs for Optimizing β-Glucosidase Production
The optimization of medium and fermentation process by selecting the best nutritional and environmental conditions is important as it can greatly increase the β-glucosidase production. In this study, we applied a sequential optimization strategy, where the first phase dealt with screening and identifying the nutritional and environmental factors affecting β-glucosidase production by A. niger. Once the significant factors affecting β -glucosidase production were determined, the second phase involved ascertaining the combination leading to the maximum β-glucosidase activity.
In the first phase, a Plackett-Burman experimental design was applied to reflect the relative importance of various fermentation factors. Data shown in Table 2 illustrates the wide variation of β-glucosidase activity from 4.25 to 5.84 IU/ml, thereby reflecting the importance of studying the medium composition for attaining a higher productivity. The main effects of the examined factors on β-glucosidase production were identified and presented graphically (see Supplemental Materials Fig. S1 ). Since it is a 2-level experimental design, it involves a linear polynomial correlation model that describes the correlation between the nine factors and the β-glucosidase activity as follows: On analyzing the regression coefficients for the tested nine variables, it was found that KCl, CSL, wheat bran and glycerol in the concentration ranges studied all showed a significant effect on decreasing β-glucosidase production at the higher concentration level. The results suggested that the optimal concentrations would be closer to the lower levels. It is noted that CSL is widely used as rich organic nitrogen source in many industrial fermentations to produce, such as, vitamins, peptides, antibiotics, and organic acids as it is relatively inexpensive and effective in promoting cell growth and product formation [26, 27] . However, too much of CSL could promote excessive cell growth, instead of enzyme production, which usually started after cells had entered the stationary phase.
To improve the pre-optimization formula for the subsequent optimization step, the variables with a negativeeffect value obtained from the Plackett-Burman design were fixed at their (-1) coded values, while the variables with a positive-effect value were fixed at their (+1) coded values. To identify the optimum response region for β -glucosidase production, the significant independent variables (KCl, CSL, wheat bran, and glycerol) were further explored at three levels. Table 3 presents the design matrix for the variables, given in both coded and natural units, and the experimental results of β -glucosidase production. To predict the optimal point, within the experimental constraints, a second-order polynomial equation was fitted to the experimental β -glucosidase activity data, and the best model is shown below: The main effects of the examined factors on β-glucosidase production were identified and are presented graphically (see Supplemental Materials Fig. S2) . The optimal levels were estimated using SAS JMP 8 NULL program tools and found as follows: bran, 3.5 g/L; glycerol, 5 g/L; KCL, 0.1 g/L; CSL, 7.5 g/L.
The optimal condition realized from the optimization experiment was verified experimentally and compared with the prediction calculated from the model (see Supplemental Materials Fig. S3) . The experimentally obtained β -glucosidase yield of 9.37 IU/ml was comparable to the polynomial model predicted value of 8.68 IU/ml; confirming the high accuracy of the model (R 2 = 0.79; RMS error = 0.825) for the investigated conditions. The R 2 value of 0.79 for β -glucosidase production indicated a high degree of correlation between the experimental and predicted values. It also showed the relative effects of any two variables when the third is maintained constant. Fig. (2) shows the batch fermentation kinetics for 8 days in (5 L) STR inoculated with spores. The pH was not controlled and gradually decreased from 5.6 to ~2.8 and was then back up to ~3.0. The total reducing sugars decreased from the 2.7 g/L at zero time to ~0.23 g/L at 120 h but then increased slightly to 0.41 g/L at 192 h due to the continuous saccharification of wheat bran [15] . Meanwhile, the production of the total protein and β-glucosidase started after 24 h and increased to reach the maximum values of 0.76 mg/ml and 5.41 IU/ml, respectively after 192 h. Compared to the shake-flask fermentation, which produced 9.37 IU/ml β-glucosidase from the optimized medium, significantly lower enzyme production was obtained in the STR, which could be attributed to the unfavorable cell morphology (mycelia clumps) produced directly from spores in the STR, resulting in poor mass transfer, cell growth, and hence enzyme production. To overcome the above problems, the STR was inoculated with cell pellets preformed in shake-flasks, instead of spores. With the preformed pellets, the fermentation produced significantly more protein (~1.5 mg/ml) and β-glucosidase (~8.6 IU/ml), as can be seen in Fig. (3) . The reactor was operated at various agitation (300, Fig. (3) . Batch fermentation kinetics of A. niger in a stirred-tank bioreactor inoculated with preformed pellets and operated with agitation at 450 rpm and aeration at 1 vvm. RS: reducing sugar. 450 and 600 rpm) and aeration rates (0.5, 1 and 2 vvm) to study their effects on the fermentation and enzyme production. Fig. (4) shows the fermentation kinetics at 450 rpm at different aeration rates (0.5, 1 and 2 vvm). In general, increasing the aeration rate also increased the fermentation rate as indicated by the faster changes in the pH, reducing sugars, and protein and β -glucosidase production. At the increased aeration rate of 2 vvm, the pH rapidly dropped to 1.6 in 48 h before climbing back to ~3.4 by the end of the fermentation (240 h). Meanwhile, both protein and enzyme production reached the maximum levels of 1.63 mg/ml and 9.33 IU/ml, respectively, in 216 h. The effects of agitation rate on the fermentation was then studied at 2 vvm for 3 different agitation rates (300, 450 and 600 rpm), and the results are shown in Fig. (5) . It appeared that 450 rpm was the optimal agitation rate. The lower agitation rate of 300 rpm might cause poorer mixing and mass transfer due to lowered dissolved oxygen level, while the higher rate of 600 rpm imposed too much shear stress that damaged cells [24] and greatly reduced protein and enzyme production to 0.94 mg/ml and 2.73 IU/ml, respectively. Fig. (6) compares the enzyme production in shake-flasks and STR operated at various agitation and aeration rates. It can be concluded that 450 rpm and 2 vvm gave the best enzyme production comparable to that from shake-flasks. Further optimization and scale up of the STR should lead to an industrially viable process for β-glucosidase production.
Fermentation Kinetics in Stirred-Tank Bioreactor
DISCUSSION
Many bacteria, yeast and filamentous fungi have been shown to produce β -glucosidase. Among them, filamentous fungi such as A. oryzae and A. niger are among the best enzyme producers [28, 29] with GRAS (generally regarded as safe) status and can grow on inexpensive agro-products such as rice straw and wheat bran (see Table 5 ). In general, a higher amount of β -glucosidase can be produced by Aspergillus than by other cellulase-producing species such as Trichoderma [15] . Our initial screening found that A. niger NRRL 3122 was a good β-glucosidase producer, which was then further studied to optimize the fermentation conditions in shake-flasks and stirred-tank bioreactors.
Enzyme production by filamentous fungi in submerged fermentation is highly dependent on the medium composition and other culture conditions, and is usually susceptible to induction or inhibition by the carbon source. Therefore, identifying the proper medium components and optimize their compositions to maximize the enzyme production in a minimally controlled batch fermentation is important. Traditionally, fermentation processes have been optimized by changing one independent variable or factor at a time while keeping the others at some fixed values. This single dimensional search is slow and laborious, especially if a large number of independent variables are involved. Furthermore, the traditional optimization does not reflect the interaction effects among the variables and does not depict the net effect of the various factors on the enzyme activity. Consequently, statistical methods are increasingly preferred for fermentation optimization because they reduce the total number of experiments needed and provide a better understanding of the interactions among factors on the outcome of the fermentation [30] . Statistical techniques such as the response surface methodology (RSM) have gained broad acceptance in fermentation optimization. RSM allows calculation of the optimum levels of various process parameters based on a few sets of experiments.
In this study, 9 variables including pH and 8 medium components were screened for their effects on β-glucosidase production by A. niger based on the Plackett-Burman experimental design [31] . The 4 variables (KCl, CSL, bran and glycerol) with significant effects on enzyme production identified by the Plackett-Burman design were further optimized using a response surface Box-Behnken design [18] , which gave the optimal medium composition for β-glucosidase production in shake-flasks. The fermentation was further scaled up to industrially relevant stirred tank bioreactor. With proper agitation and aeration in the bioreactor, a high β-glucosidase titer of 9.33 IU/ml was attained, which was comparable to the reported values in the literature (see Table 5 ). It is noted that higher titer and productivity could be obtained with further process optimization and different organisms such as the marine Aspergillus strain SA 58 [9] . Although higher β-glucosidase A. wentii 3% Cellulose 10 1.25 [16] Aspergillus SA 58 Pectin 80 20 [9] Fusarium oxysporum Papyrus paper 2.32 0.116 [10] Trichoderma virdie 1% Bagasse + 1% Bran 0.261 0.016 [15] production has been reported from xylan [13] , malt extract [17] , and pectin [9] (see Table 5 ), those processes were not economical because of the expensive substrates used in the fermentation. In our study, we achieved high β-glucosidase production from low-cost agricultural residue wheat bran and glycerol, an abundant byproduct from biodiesel production. Furthermore, we found a synergistic effect of wheat bran and glycerol when used as co-substrates in the fermentation that gave a much higher β-glucosidase production compared to bran or glycerol alone as the substrate. Wheat bran contains ~50% (w/w) fiber (cellulose and hemicellulose), ~15% starch, ~16% protein, and additional nutrients including vitamins and minerals that are good for cell growth and enzyme production. Using glycerol as the additional carbon source allowed the fermentation to have a quick start with good initial cell growth, while the slow release of reducing sugars from bran during the fermentation gave sustained enzyme production throughout the extended fermentation period to reach a high enzyme titer. Therefore, the process using wheat bran and glycerol as co-substrates is advantageous over those using wheat bran alone [11] or other single carbon source such as Papurus paper [10] and rice straw [14] . In general, the cultivation of filamentous fungi, including A. niger, at a large-scale STR needs to be approached with caution. As found in the present study, inoculation with preformed cell pellets of proper size, instead of spores, could have major impact on enzyme production in STR because of improved mass transfer inside the size-controlled pellets, which could enhance both nutrients transport into cells and the release of produced β-glucosidase into the medium [32] . Furthermore, extreme care needs to be taken in maintaining the proper mixing and aeration levels for controlling the dissolved oxygen (DO) and cell morphology. An increase in the aeration rate generally would enhance the DO level, and thus increase cell growth and enzyme production. DO is one of the most important factors in aerobic fermentation, and a minute change in DO could bring considerable changes in cell physiology and metabolism [33] . Agitation provides good mixing but could also induce undesirable shear damage to cells and deleterious effect on enzyme production [20] , and must be controlled at a proper level. We found that 450 rpm was the optimal agitation rate for the 5-L STR used in this study. However, the optimal agitation rate would be dependent on the reactor scale and impeller design, and must be carefully optimized in reactor scale up.
CONCLUSION
Although many microbes can produce β -glucosidase, an efficient fermentation process for industrial application still needs to be developed using low-cost feedstock. Optimization of a fermentation process is often done with classical approaches with one factor tested at a time. The identification of important process variables by PlackettBurman experiments and the optimization of their levels by the Box-Behnken design can improve β -glucosidase production from wheat bran and glycerol by A. niger in shake-flasks from 5.84 to 9.37 IU/ml, a 1.6-fold increase. A similar production level of β -glucosidase was obtained in a 5-L stirred-tank bioreactor after optimizing agitation and aeration rates. The process using low-cost agricultural residue (wheat bran) and biodiesel waste (glycerol) as cosubstrates should have good potential for further scale up for industrial applications.
